Abstract. Three global monthly precipitation datasets, including gauge measurements, gauge/satellite merged analysis (CMAP), and NCEP/NCAR reanalysis, are analyzed with respect to Bi-Decadal Oscillation (BDO) in boreal winter during the 20th century. Correlation and coherency analyses between the precipitations and the strength of the Aleutian low, which is an action center of the BDO, reveal substantial impacts of the BDO on precipitations around the Pacific Ocean. The covariability of the precipitations is prominent for Hawaii, mid-latitude eastern North America, Florida and easternChina/Southern-Japan, and at some other regions including the Southern Hemisphere. The most coherent BDO precipitation pattern common to the CMAP and reanalysis features significant anomalies over the tropical (10°-30°N), central (30°-50°N) and northern (50°-70°N) North Pacific with alternating polarities. The influence of the BDO on Hawaii winter droughts and salinity in the North Pacific is discussed.
Introduction
It is important to identify the rhythm of Earth's climate both because it helps us understand the cause of past climate changes and because of potential predictability of the climate variability in future. Recent studies revealed various decadalto-centennial climate variations occurred in the 20th century (e.g., Mann and Park, 1996) . One of the most prominent variations on these timescales is a quasi periodic oscillation on a 20-yr timescale, which distributes over both the Pacific and Atlantic Oceans with an action center in the North Pacific associated with the strength changes of the Aleutian low [e.g., White and Cayan, 1998] , and is referred to as Bi-Decadal Oscillation (BDO) in the present paper. A number of papers are devoted to the discussion of the BDO in global-or Pacificscale Sea-Level Pressure (SLP) and Surface Temperature (ST) fields [e.g., Ghil and Vautard, 1991; Mann and Park, 1996; White and Cayan, 1998; Tourre et al., 2000; Minobe et al., 2002] . Although it is not still clear whether the BDO arise from a single physical mechanism or multiple mechanisms, most of these studies showed similar spatial patterns in SLPs and STs over the North Pacific.
For precipitations, however, our understanding of their decadal-to-centennial variability is still poor. The global structure of bidecadal precipitation variability was not identified yet, though several regional analyses showed that precipitations varied on the bidecadal timescale in North America [e.g., Dettinger and Cayan, 1995; Cook et al., 1997; Cayan et al., 1998 , Hu et al.,1998 Higgins and Shi, 2000] and Australia [Latif et al., 1997] . A better understanding of the precipitation changes on interdecadal timescales is clearly of scientific and social value. Here, we analyze global precipitation changes on the bidecadal timescale, by examining three precipitation datasets derived from gauge measurements, satellite observations and reanalysis, which provide complementary information.
Data and methodology
Three gridded monthly precipitation datasets are analyzed in the present study. These datasets are land precipitations from gauge measurements (referred to as gauge data) [Dai et al., 1997] , NCEP/NCAR reanalysis precipitations (referred to as reanalysis data) [Kalnay et al., 1996] , and Climate Prediction Center satellite/gauge Merged Analysis of Precipitation (referred to as CMAP data) [Xie and Arkin, 1997] . The CMAP data used in the present study is a version in which the reanalysis precipitations were not incorporated. The periods of the records are 1900-1995, 1949-2000, and 1979-1999 for the gauge, reanalysis, and CMAP data, respectively. The grid size for the gauge and CMAP data is 2.5° in both longitude and latitude, and 1.875° in longitude and roughly 1.905° in latitude for the reanalysis data. We limit our attention to boreal winter data in the present paper, since it is known that the bidecadal atmospheric circulation changes are the most prominent in the winter season [Mann and Park, 1996; White and Cayan, 1998; Minobe et al., 2002] .
The use of the multiple precipitation datasets is necessary to address the interdecadal precipitation changes. The gauge data have the longest availability, but they cover only a part of land. Although the reanalysis data have a complete spatial coverage, the quality of the reanalysis precipitations can be questionable, since the precipitations themselves were not assimilated [Kalnay et al., 1996] . The CMAP data are more reliable than the reanalysis data with almost complete spatial coverage, but the temporal availability is just one cycle of the BDO [Xie and Arkin, 1997] . Due to these intrinsic problems of the respective datasets, one cannot confidently estimate the interdecadal precipitation changes from none of the single precipitation dataset, but the complementary use of the three datasets taking account of the specific advantages and disadvantages is expected to provide the most useful information on the longterm changes of precipitations.
We estimated BDO signatures in the precipitation field by calculating correlation coefficients between precipitation time series at each grid and a representative time series for the BDO. As the representative BDO time series, we employ the 10-30-yr bandpass filtered wintertime (Dec.-Feb.) North Pacific Index (NPI). The NPI is a SLP time series averaged over a region from 30°-65°N, 160°E-140°W [Trenberth and Hurrel, 1994] , which covers the area of high SLP-variability associated with the BDO, and represents interannual and decadal variability of the Aleutian low [Mann and Park, 1996; White and Cayan, 1998; Minobe et al., 2002] . The NPIs are calculated from 1899 to 2001 using an updated version of SLP dataset of Trenberth and Paolino [1980] . The major results of the present study are not changed, when we use as the representative BDO time series the first principal component of 10-30-yr filtered SSTs north of 20°N in the Pacific Ocean.
Significance of correlations is estimated by a Monte-Carlo simulation, using a phase randomization technique [Kaplan and Glass, 1995] . In this method, absolute Fourier amplitudes (square root of spectra) for the NPI is estimated, and then 10,000 surrogate time series are generated by an inverse Fourier transform with the observed Fourier amplitudes and randomized phases. Surrogate correlation coefficients are estimated with the 10-30-yr bandpass filter between the surrogate NPI time series and an observed precipitation time series at each grid point. The relative position of the absolute value of the observed correlation coefficients in the sorted absolute values of the surrogate correlation coefficients gives the level of confidence for the observed correlation coefficient. This method takes into account of the influences of the bandpass filtering and also the intrinsic serial correlation of respective time series.
Results
Correlations between the gauge precipitations and the NPI exhibit statistically meaningful positive or negative values around the Pacific Ocean (Fig. 1a) . Positive correlations are observed over the eastern-China/southern-Japan, Hawaii, midlatitude North America, Samoa Islands, southeastern Australia, and negative correlations are over Florida, and western Australia. The occurrence of significant correlations in the Southern Hemisphere is consistent with the previously reported observations that the BDO structure prevails the both hemispheres in ST and SLP fields [White and Cayan, 1998; Garreaud and Battisti, 1999] . Consequently, the BDO variability, represented by the strength changes of the Aleutian low, substantially influences global precipitation variability.
The frequency structure for the relation between the precipitation and the Aleutian low strength is examined by coherency analysis between the raw precipitation time series averaged over high correlation regions and the NPI (Fig. 2) . The bidecadal coherency peaks significant at the 99% confidence level are evident for eastern-China/southern-Japan, Hawaii, mid-latitude eastern North America, and Florida at frequencies around 0.04-0.06 cycle yr -1 (16-25-yr period), and those at the 95% confidence level are found for Samoa Islands, southwestern Australia and southeastern Australia. In these regions, the covariability between the precipitation and NPI is the most prominent at the bidecadal period on the decadal to centennial timescales. It is noteworthy that there are secondary coherency peaks around a 50-yr period at some locations (eastern-China/southern-Japan, mid-latitude eastern North America, and Samoa Islands), which may be related to a 50-70-yr oscillation over the Pacific Ocean [Minobe, 1997] . Minobe [1999; 2000] suggested that the superposition of the BDO and the 50-70-yr variability is the main body of the Pacific (inter-)Decadal Oscillation (PDO) proposed by Mantua et al. [1997] . For a recent review of the PDO, see Mantua and Hare [2002] .
In order to fully understand the spatial structure of the BDO in precipitations, we employ NCEP/NCAR reanalysis precipitations. The most remarkable feature in the reanalysis correlations with the NPI (Fig. 1b) is the three broad patches over the North Pacific, with the positive correlations over the tropical (10°-30°N) and the northern (50°-70°N) North Pacific and negative correlations in the central North Pacific (30°-50°N) . Another cluster of positive correlations is evident over eastern China.
Those features in the reanalysis correlations are essentially repeated in the correlations for the CMAP data (Fig. 1c) , and hence the result of the CMAP data strongly supports the BDO structure obtained from the reanalysis data. An interesting difference between the CMAP and reanalysis correlations is that the former have relatively strong negative correlations over Indian Ocean/Maritime Continent region than the reanalysis correlations. This difference is not due to the different periods of the data, since reanalysis correlations calculated for the period overlapping with the CMAP data are generally smaller than the CMAP correlations for this region. Therefore, the reanalysis is not likely to represent adequately the precipitation changes in the Indian Ocean/Maritime Continent region.
Additional support for the structure of the reanalysis correlations is given by the comparison with the correlations of the gauge data. The positive patches in the reanalysis correlations in the tropical and northern North Pacific covers Hawaii and western Alaska, respectively, where gauge data also indicate significant positive correlations. Moreover, the positive (negative) correlations are common in both the gauge and reanalysis data over eastern China (western Australia). Consequently, the correlation distribution of the gauge data supports some key features of the correlation distribution of the reanalysis data.
Among the regions where the strong correlations are commonly found in gauge, reanalysis and CMAP data, the largest explained variance by the 10-30-yr filtered NPI for 10-yr low-pass filtered precipitation time series is found at Hawaii (51%). The explained variance is a measure of the importance of the BDO, represented by the Aleutian low strength changes, in the precipitation changes on the timescales longer than the 10-yr period. As shown in Fig. 3 , the time series of the wintertime Hawaii precipitation observed by gauge measurements has a prominent covariability with the NPI in regardless of whether or not the bandpass filtering is applied. The correlation between the unfiltered Hawaii precipitation time series and the NPI is as high as 0.71, indicating that 50% of the year-to-year variability of Hawaii wintertime precipitation is related with the strength changes of Aleutian lows (Fig. 3b) . This relation appears to be stronger than the previously reported relation between Hawaii precipitation and El Niño/Southern Oscillation [e.g., Horel and Wallace, 1981; Ropelowski and Halpert, 1987; Chu, 1995] , since the correlation between the raw precipitation and SOI remains 0.45, which explains only 20% of the year-to-year variance.
It is noteworthy that the reanalysis Hawaii precipitations are qualitatively consistent with the gauge data, but quantitatively underestimated on both the interannual and interdecadal timescales (Fig. 3) . The standard deviations of gauge precipitations are 27 and 59 mm month -1 with and without the bandpass filtering respectively, but the corresponding standard deviations of the reanalysis precipitations are as small as about 40% of the gauge standard deviations. The underestimation of the reanalysis precipitation is likely to be due to the coarse spatial resolution of the atmospheric model used for the reanalysis to resolve the effects of Hawaiian Islands, which play substantial roles in the atmosphere-and-ocean system [Xie et al., 2001] . 1 Correlation coefficients (color) and their 95% confidence levels (black grid-box boundaries for panel a and contours for panels b and c) between NPI and gauge precipitations from 1930-1995 (a) , NCEP/NCAR reanalysis precipitations from 1949 -2000 (b), and CMAP from 1979 -1999 . The 10−30-yr bandpass filter was applied to both the NPI and precipitations before calculating correlations. The color scales are chosen so that the same colors are assigned to the approximately same level of the significance, since correlations for a shorter length data generally tend to be larger than correlations for a longer length data. White color indicates the area where data are not continuously available throughout the respective periods for the correlation calculation or where data are constantly zero. The latter is the case for most of white color grids of CMAP correlations. The magenta boxes in panel a indicate the areas, over which area-averaged precipitation time series are calculated and their coherencies with the NPI are shown in Fig. 2 . 
Discussions
The bidecadal precipitation changes may have substantial socio-economic impacts, and a prime example is found for Hawaii droughts. Hawaiian Islands have been prone to droughts and water shortages, fueled by growing population. The occurrences of Hawaii droughts exhibited an interesting long-term modulation in recent decades; frequent droughts were recorded from 1975-1985 and after 1996 to the present, but droughts were absent for the period from 1986-1995 (personal communication, Commission of water resource managements http://www.state.hi.us/dlnr/cwrm/hdp/). These periods of frequent (absent) droughts correspond to the periods of smaller (larger) precipitations in Hawaii associated with the BDO (Fig. 3) , suggesting that the BDO has influenced the occurrence of Hawaiian droughts. Meteor. Soc., 77, 437-472. 1996 The fact that the most well-organized bidecadal precipitation changes occurred over the ocean suggests that the BDO in precipitations substantially influences fresh water and salinity distributions in the Pacific Ocean. Recent studies detected decadal salinity changes in the basin, such as 1980s salinity decrease in the Gulf of Alaska [Overland et al., 1999] , simultaneous increase in the western tropical Pacific [Suga et al., 1999] , and decadal salinity changes around Hawaii [Lukas, 2001] . These salinity changes may be related to the precipitation changes on decadal to interdecadal timescales. The salinity changes, in turn, might influence the relation between the temperature and density, and temperature anomalies on density surfaces can be an important factor for a mechanism of decadal variability in the atmosphere and ocean [Schneider, 2000] .
Due to the limitation of observed salinity information in the Pacific Ocean on the interdecadal timescale, one cannot fully understand the roles of the salinity changes in the ocean and further in the atmosphere based on observations. Therefore, it is important to estimate the salinity changes in numerical ocean models with careful comparisons with available salinity observations. The overall consistency of the reanalysis precipitation and gauge and CMAP data suggests that the reanalysis precipitation and evaporation can be used for a boundary condition for the ocean models.
